Improvements to state-of-the-art SisoGelo thermoelectric alloys have been observed in laboratory-scale samples by the application of the powder metallurgical techniques of mechanical alloying and hot pressing. Incorporating these improvements in large scale compacts for the production of thermoelectric generator elements is the next step in achieving higher efficiency RTG's. This paper discusses consolidation of large quantities of mechanically alloyed powders into production size compacts. Differences in thermoelectric properties are noted between the compacts prepared by the standard technique of hot uniaxial pressing and hot isostatic pressing. Most significant is the difference in carrier concentration between the alloys prepared by the two consolidation techniques.
Introduction
Silicon-germanium thermoelectric alloys have been used for many years in radioisotope thermoelectric generators for space applications.
These alloys are typically manufactured via a melting, grinding, and hot pressing sequence [l] .
Due to the large separation between the solidus and liquidus in the Si-Ge phase system, dendritic segregation is prevalent in these alloys. This requires that multiple hot pressing and grinding sequences be carried out in order to homogenize the alloys. Cook et al. [2] have shown the viability of mechanical alloying (MA) using a high energy ball mill applied to heavily doped Si-Ge alloys for thermoelectric applications. The advantage of MA over conventional techniques is that alloying is carried out at ambient temperatures and a homogeneous alloy is produced in a single MA + hot uniaxial pressing (HUP) step. A further advantage is that volatile phosphorous, the n-type dopant, is incorporated into the alloy at room temperature in a sealed vial rather than to a melt at high temperature as is conventionally done. Cook et al. [3] have shown that second phase oxygen has deleterious effects on the thermoelectric properties of n-type Si-Ge alloys. The MA process allows for the handling of precursor materials and the alloyed powders under a purified He atmosphere provided by a glove box, thus avoiding the reaction of the fine powders with air. Conventionally prepared material can contain a much higher level of second phase oxygen than MA materials due to powder handling.
Mechanical alloying has been applied to Si-Ge thermoelectric alloys on a laboratory scale. This is due to the fact that the milling equipment, a Spex 8000 mixedmill, is capable of alloying only 5-6 grams of powder at a time. Samples produced at the Ames Laboratory consist of vacuum hot pressed 1.27cm diameter cylinders approximately 2.5 cm in length. The scaleup from laboratory to industrial production requires larger volumes of powder to prepare large hot pressed billets called "pucks" from which thermoelements for RTG's are machined. Other milling equipment is available that is capable of producing MA powder in larger quantities. To avoid the problem of oxygen contamination, preparation of Si-Ge pucks needed to be carried out at the Ames Laboratory. Hot isostatic pressing (HIP) was thus attempted.
Experimental
As reported by Cook et al. 141 MA has been applied on the laboratory scale to prepare GaP and P doped n-type SiGe alloys with high figures of merit. Production of the MA powder for large scale HrPing was carried out in the same manner as for the laboratory scale alloys. Initial components consisted of Si (Hemlock Semiconductor), Ge (Cabot Berylco), GaP (Cerac) and P (Cerac). All of the starting materials were added to a round ended hardened steel vial as +20 mesh chunks in order to lower the oxygen content in the alloys introduced from surface oxide layers. The material was ball milled for 2 hours to form a mixed powder. Five grams of the premilled powder were removed and added to a flat ended hardened steel vial. This powder was then milled for 6 hours to form an alloy. Multiple MA millings were used to accumulate powder for HIPing whereas one 6 hour MA milling provided all the powder necessary for one HLTP consolidation. Handling of the elemental components and MA powder was performed in a purified He filled glove box. Table 1 summarizes the sample compositions and consolidation technique. The greek letter designates an individual HUP sample consolidation.
Hup Samples
Hup samples were prepared by loading four grams of MA powder were loaded into a 1.27 cm graphoil lined graphite die. The powder was pressed in an F W vacuum furnace at 113OOC and an applied pressure of 140 MPa for 45 minutes after which the pressure was released and the sample was allowed to furnace cool. Samples were then sectioned from the compact and given a "reset" heat treatment at 105OOC for 20 minutes. One sample, A92P, was pressed for 60 minutes.
compact. In the longitudinal direction HIP the 10-20pm range with most grains The transverse section showed a very fine grain. structure with grain sizes of -1pm and an occasional large and HIP-5b. The final vessels used for the production of large cted from 0.05 cm thick Ta with 5.08 length. These vessels were filled with approximately 80 gm of packed powder. The vessel was HIPed at 1 13OoC for 45 minutes under an applied pressure of 137 MPa. The furnace temperature was ramped from 25-9OO0C at 10°C/min, 900-1130°C at 5OC /min, and then furnace-cooled to room temperature This heating schedule is the same samples. Each HIP s treatment for 20 minutes. Samples designated HIP-7 through HIP-18 and A101-1 through A101-4 were produced in this manner. Onei difference between the €€UP and HIP is that the vacuu used a die which was exposed to the vacuum system whereas the HIP samples were sealed in a Ta vessel thus trapping any P vapor that developed during the thermal excursion.
Characterization
The HIP-Sa and HIP-10 compacts were sectioned such that a longitudinal (top face) and transverse (side) portion could be examined by optical metallography. 
Oxygen Determination
The oxygen content of selected HUP was determined by neutron activation by N ing Systems-Radiation Processing Group. Values obtained for different alloys are presented in Table 2 . These values are consistent with low oxygen n-type Si-Ge alloys prepared by Cook et al. [3] . HIP-10 A101-4 A92-H Chemical Analysis Several samples were examined by Inductively Couple Plasma-Atomic Emission Spectroscopy (ICP-AES) and Laser Ionization Mass Spectroscopy (LIMS). ICP-AES was used to determine P and Ga contents following hot consolidation. LIMS was used to characterize impurities from sources such as wear debris from the milling vessels. Table 3 shows the nominal and measured P and Ga content in a number of the alloys. It can be seen that the actual amount of P in the HUP alloys varies substantially from the nominal amount. The measured amount of P is much closer to the nominal amount for the HIP alloys. HIP-7 through HIP-15 show that the final P content is consistent from one sample to the next. Note that HIP-5b has a lower P content than the remaining HIP samples with the same nominal composition. It is unknown why this sample would have a greater loss of P following hot consolidation. LIMS data for trace element imprities is presented in Table 4 . A101-2 had a slightly lower Fe content than the other A101 compacts, but HIP15 was higher than A101-3 and A101-4. Portions of the Si-Ge in the A101-3 compact were in contact with the Ta HIP vessel, but this did not contribute to a higher Ta level in the alloy. The level of Ta contamination is low in all of the alloys. Graphoil facilitates the removal of the sample and does not appear to significantly affect the carbon content. Table 4 . Impurities in MA + HIP alloys as determined by Laser Ionization Mass Spectroscopy. The values are in ppm atomic. Determination of C is subject to relatively large errors. X-1 refers to a spot near the edge of the compact which was in direct contact with the Ta vessel graphoil. The x-2 refers to a spot near the center of the compact. Table 5 , and measurements of the temperature dependence of resistivity and Seebeck coefficients to 1000°C. The high temperature measurements are represented in Table 6 as integrated averages of resistivity, Seebeck coefficient, and power factor in the range of 300°C to 1000°C.
The carrier concentration values given in Table 5 illustrate the change in carrier concentration with sample composition. Nearly optimized figures of merit have been observed in Si-Ge alloys doped with GaP and P having a carrier concentration in the 2 . 5 -3 . 0~1 0~~ cm-3 range, as shown, for example, by Scoville et al. [ 5 ] . Alloys of the A92 composition fall within or close to that range and this composition was chosen for the first HIP sample, HIP-2. It can be seen in Table 5 that the HIP-2 alloy has a much higher carrier concentration than the corresponding HUP counterparts. The P content of HIP-2 is much higher than that of the HUP alloy A92 as discussed above, which indicates that the HIP approach does not allow the escape of P vapor during consolidation. The nominal phosphorus composition of alloys consolidated by HIPing must therefore be lower than corresponding HUP alloys to compensate for the fact that P is not lost to the vacuum system as it is in the HUP. The HIP-5 alloys had a nominal composition designed to lower the carrier concentration. It can be seen that this was achieved, but as mentioned above, these alloys possessed an anisotropic microstructure. The HIP-7 through HIP-18 compacts were prepared with larger diameter and shorter vessels. It can be seen that the carrier concentration increased for these alloys compared with the HIP-5 compacts. The HIP-5 compacts and the HIP-7-HIP-18 compacts have the same composition, but the carrier concentrations are much higher in the 2" diameter compacts. The behavior of the 2" compacts indicates that the nominal P level needs to be reduced in order to obtain Z similar to the laboratory scale samples of 0.94~10" C-'. The carrier concentration of all HIP billets with the A100 composition is too high, yet the mobility is the highest possible for the given carrier concentration based on extrapolating Dismukes zone leveled Si-Ge data to higher carrier concentration values.
The A101 alloys had a nominal composition intended to lower the carrier concentration to the 2.5 x lo2' cme3 range. Hall measurements of A101-2 indicated that the target concentration n of 2.5~10~' cm" was not attained, but n was reduced by 14 percent. Although the desired carrier concentration was not achieved, it was lowered to the point where the figure of merit Z was improved, as discussed below. As seen in Table 5 , the carrier concentration for the A101 series of alloys decreases with h subsequent sample. The carrier concentration for A101-in the targeted range of 2.5-2.8 x lo2' ~m '~, but the mobility is about 10% lower than the value of 45 expected with this carrier concentration.
One possible explanation for the low mobility in the A101-3 and A101-4 alloys is that increased wear debris from the grinding media would iron disilicide or germinide scattering centers. The LIMS data in Table 5 tends to supports this idea. Another possability is that the actual HIP temperature was lower than 113OOC target. This would lead to smaller grain sizes and reduced mobility due to grain boundary scattering. The integrated average power factors for the HUP samples from Table 6 range from 31.4 for A92a to 36.6 pW/cm-"C2 for A93a. The changes in composition affected the resistivity more than the Seebeck c
There is also a spread in th the HIP alloys. HIP-2 did not duplicate the values in the A92 alloys. As was mentioned above, the carrier concentration of HIP-2 was much higher than that of the HUP counterpart. However, the integrated average power factor is higher for HIP-2 than for A92a. The exact reason for this is not known, but it may be an artifact of the ani microstructure. The loss the hot consolidatio MA powders plays an im role in properties of the Hup have higher integrated average power factors than HIP-2 and A92a. This demonstrates that lowering the carrier concentration to the desired range results in higher performance. Comparing the integrated average resistivity, Seebeck, and power factor of HIP-7 -HP-17 alloys, it can be alloys.
Both HIP-Sa and HIP-Sb shape of the HIP vessel apparently led to higher P retention which resulted in a higher carrier concentration. These results again demonstrate the neccessity for maintaining the carrier concentration in the correct range. The A101 series of alloys employed the same 5.08 cm diameter HIP vessels as HIP-7 through HIP-18, but the P and Ga levels were decreased in order to lower the carrier concentration. A101-2 demonstrated that the reduction in P from 1.5% to 1.1% gave an increase in the average Seebeck coefficient while the resistivity remained relatively unchanged. This led to A101-2 having an average power factor of 35.3 pW/cm-"C2 compared to 32-33 pW/cm-"C2 for the A100 composition samples. A101-3 had a 5 6 % higher resistivity than A101-2. A portion of this sample was in contact with the Ta HIP vessel during consolidation, however LIMS analysis indicated that an increased Ta content did not affect the electrical properties. LIMS results indicated that this was probably not the case.
Thermal conductivity and Figure of Merit
Thermal diffusivity was measured using a laser flash diffusivity method as described in Kokos et al. (61. Table 7 summarizes data for both HIP and HUP samples. Both HIP-2 and HIP-Sa have relatively high thermal conductivities typical of high mobility low oxygen n-type alloys. The thermal conductivities of both of these alloys is nearly identical to that measured in a previous study of W e d n-type Si-Ge doped with 1.6 % GaP and a P/Ga ratio of 3.125:l with a low oxygen content of 0.2 at. %3. As previously mentioned, the grain structure of HIP-2 and HIP5a was nonuniform. This may account for the high thermal conductivity values for these two samples. The thermal conductivity for the other HIP alloys using the A100 [6]. G.B. Kokos, K.A. Gschneidner, B.A. Cook, and B.J. composition is fairly uniform, ranging from 38.6 to 39.6 mW/cm-"C.
A101-2 had an integrated average thermal conductivity similar to that of the 2" diameter compacts with the A100 composition. A101-3 has a higher thermal conductivity than A101-2, as well as a lower power factor as discussed above.
The highest 2 attained was on HIP-Sa, but that may be due to the anisotropic microstructure. HIP-7 through HIP-17 had lower integrated average Z's in the low 0.8 to 0.85 x lo3 "C-' range. A101-2 had a higher 2, demonstrating the value of lowering the carrier concentration.
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Summary
Two inch diameter compacts of P and GaP doped SiGe can be prepared via MA and HIPing. These alloys can attain the high power factors and figures of merit demonstrated by the laboratory scale samples. Due to the differences in hot consolidation between the HIP and HUP, it is impossible to identlfy one composition that will perform equally under both preparation techniques. Phosphorous loss and solubility is different in both consolidation techniques. Changing the HIP vessel shape can result in changes in carrier concentration.
